Introduction
Sandhoff disease (Online Mendelian Inheritance in Man no. 268800) is a rare, autosomal recessive lysosomal storage disorder caused by pathogenic variants in the hexosaminidase-B (HEXB) gene (5q13). Pathogenic variants in HEXB result in a deficiency of βhexosaminidase A (HexA; E.C. 3.2.1.52) and β-hexosaminidase B (HexB; E.C. 3.2.1.52) due to decreased production of the β-subunit [1] . HexA is a heterodimer of α-β subunits, and HexB is a β-β homodimer [2] . A third formβ-hexosaminidase-S (HexS; E.C. 3.2.1.52) may also be present as a homodimer of α-α subunits [3] . Under normal conditions, HexA is responsible for the degradation of GM2 ganglioside. The diminished HexA activity in Sandhoff disease leads to progressive accumulation of GM2 in neuronal cells and irreversible neuronal degradation [1] . The symptoms of Sandhoff disease can manifest at different stages of life corresponding to the amount of residual enzyme activity caused by the variants present in the HEXB gene [1] . Symptoms manifest before one year and lead to death typically by four years of age for the infantile onset form of the disorder. Juvenile and adult onset forms of the disease are also possible [1] .
Published estimates of Sandhoff disease carrier frequency in the general population vary from 1:310 based on the prevalence of Sandhoff disease in Australia between 1980 and 1996 [4] to 1:276 (n = 32,342) in non-Jewish Americans based on serum β-hexosaminidase levels [5] . Several isolated or highly consanguineous communities have been identified with an increased carrier frequency. The IVS-2+1 G>A splice site variant has been implicated as the predominant allele responsible for Sandhoff disease in Argentina [6] . In Saudi Arabia the high degree of consanguinity has led to a markedly high incidence for many autosomal recessive conditions including Sandhoff disease; patients are typically homozygous for a private allele [7] . Cyprus has the highest reported Sandhoff disease carrier frequency among its Christian Maronite community at 1:7 (n = 244) [8] . Sandhoff disease has also been reported among French Canadians and those of French descent [9] .
In Canada, some northern Saskatchewan communities also have a high incidence of infantile onset Sandhoff disease [10] . Previously we identified the c.115delG pathogenic variant in the HEXB gene from several Sandhoff disease patients born in this area [11] . No relationship has been identified between Sandhoff disease in northern Saskatchewan where the community is largely Métis (individuals of mixed French/aboriginal descent) and the reports of Sandhoff disease among other French Canadian populations.
In this study, variants in the HEXB gene and aberrant β-hexosaminidase levels from newborn screening cards collected from individuals born in northern Saskatchewan were retrospectively investigated. Our objectives were to determine the frequency of the c. 115delG variant previously found in several affected patients, investigate the possibility of other HEXB variants in the population, characterize those variants via in silico analysis, estimate the frequency of all Sandhoff disease causing variants in the population, estimate the incidence of Sandhoff disease, and compare the frequency of Sandhoff disease causing variants in our study population to the frequency in the general population. Several estimates of the frequency of Sandhoff disease causing alleles in the general population have previously been described [4, 5] however, the studies have used restricted population sampling. As such a global sample of HEXB genes was considered by analyzing the data provided by the 1000 Genomes project in order to estimate the frequency of Sandhoff disease causing alleles in the global population.
Materials and methods

Study area and selection of newborns to screen
The high incidence of Sandhoff disease in northern Saskatchewan communities has been known since the late 1970s [10] . To establish the incidence and carrier frequency of Sandhoff disease in these northern Saskatchewan communities, we identified the communities as previously described [12] . The long-term retention of newborn screening cards in Saskatchewan began in 2000, and our retrospective analysis included all infants from the study area born between 2000 and 2012, provided their residual newborn screening card had enough blood remaining to complete both tests. Thus, our retrospective analysis was limited to newborns born between 2000 and 2012. A total of 1561 individuals were included in the study. Ethics approval for the use of residual dried blood spots was obtained from the University of Regina Research Ethics Board and the University of Saskatchewan Biomedical Research Ethics Board.
c.115delG genotyping assay
The assay for detecting the c.115delG variant has been previously described [11] and was used to determine each individual genotype for this particular variant. To summarize, this assay uses real-time PCR to detect the presence of the c.115delG allele in blood eluted from two 3 mm dried blood spot punches. The PCR assay was used to screen 1561 individuals from the study area born between 2000 and 2012. All specimens found to contain the c. 115delG allele were reproducible.
β-Hexosaminidase enzyme assay
Substrates and internal standards-
The β-hexosaminidase specific substrates and internal standards were synthesized in the laboratory of Dr. Michael Gelb at the University of Washington. The structures for the compounds can be seen in Fig. 1 . A difference in molecular weight between the two substrates allowed for determination of both Total Hex and HexB in a single injection. To prepare the substrates and internal standards for use, all materials were individually dissolved in methanol. Reagent cocktails for measuring Total Hex and HexB activities were made up at 0.23 µM of their respective substrate and 0.23 µM internal standard such that each reaction would receive 3.4 × 10 −3 µmol of substrate and internal standard per 15 µl of cocktail added to each 25 µl reaction. The Total Hex reagent cocktail contained the non-deuterated substrate with internal standard Fitterer et al. whereas the HexB cocktail contained deuterated substrate with internal standard. Reagent cocktails were dried under nitrogen and stored at −20 °C prior to use.
When needed the dried reagents were allowed to equilibrate to room temperature prior to being reconstituted in 8.7 mL of 0.04 M citrate-phosphate buffer (pH 4.4) and 300 µl of sodium taurocholate (120 g/l). Aliquots appropriate for the analysis of a 96-well plate were prepared and frozen at −20 °C until needed.
β-Hexosaminidase assay conditions-
The method for assaying other lysosomal storage disorders has been described by Gelb et al. [13] and is outlined herewith relevant modifications for the β-hexosaminidase assay. From each newborn screening card a 3 mm punch was taken and deposited into an individual well of a 96-well polypropylene microplate. Blood was eluted from the punches with 70 µl of extraction buffer (20 mM sodium-phosphate monobasic, pH 7.1). The extraction plate was then incubated at 37 °C for 1 h while shaking at 850 RPM.
While incubating, a fresh plate was prepared by adding 15 µl of Total Hex reagent cocktail to each well (Total Hex plate). The Total Hex reaction was then started by adding 10 µl of each extract to the appropriate wells of the Total Hex plate. This plate was then sealed and incubated at 37 °C with shaking at 200 RPM overnight (~22 h). The dried blood spot extract plate was then re-sealed and incubated at 52 °C for 1 h with no shaking in order to heat inactivate β-Hexosaminidase A. Heat inactivation of HexA is common to other βhexosaminidase assays [14, 15] but was optimized for this assay. During the 52 °C incubation, 15 µl of the HexB reagent cocktail was added to each well of a new 96-well microplate (HexB plate). Following the 52 °C incubation, 10 µl of heat-inactivated extract was added to the corresponding wells of the HexB plate. The HexB plate was then sealed and incubated overnight at 37 °C while shaking at 200 RPM for ~22 h. After incubation the reactions in each plate were stopped by adding 100 µl of 50:50 (v/v %) methanol/ethyl acetate to each well. The 125 µl total volumes from corresponding wells of the Total Hex and HexB plates were then combined in a polypropylene deep-well plate for product purification.
Product purification-
To the combined quenched reactions, 400 µl of ethyl acetate and 400 µl of distilled water were added and mixed to facilitate a liquid-liquid extraction. After mixing the plate was sealed and centrifuged at 14.7 G for 2 min. Following centrifugation 300 µl of the organic phase from each well was transferred to a new 96-well plate. The material in the organic phase was then dried under nitrogen then reconstituted in 200 µl of 95/5 (v/v %) ethyl acetate/methanol for solid phase extraction.
A solid phase extraction apparatus for 96-well plates was prepared by adding approximately 100 mg of silica gel to each well of the filter plate. The filter plate was washed with 1 ml of 95/5 (v/v %) ethyl acetate/ methanol under vacuum. The 200 µl volume of reconstituted product was then filtered through the plate followed by the addition of 4 × 400 µl of 95/5 (v/v %) ethyl acetate/methanol under vacuum. The filtered product was then dried down under nitrogen. Prior to analysis the material was reconstituted in 100 µl of 80/20 (v/v %) Fitterer et al. methanol/ water with 0.2% formic acid. If MS/MS analysis was not taking place the same day, the dried product was sealed and frozen at −20 °C until needed.
MS/MS analysis-
Product detection was carried out using an API-2000 mass spectrometer (AB Sciex Concord, Ontario, CA) with Ionics Upgrade (Ionics Bolton, Ontario, CA), coupled to an Agilent HPLC. Analysis was done using flow injection with positive electrospray, and multiple reaction monitoring to identify the target compounds. The mobile phase consisted of 80/20 (v/v %) methanol/water with 0.2% formic acid and a flow rate of 150 µl per minute. Optimized instrument-specific run parameters for βhexosaminidase product detection are summarized in Tables 1 and 2. Peak areas were calculated using Analyst software (Applied Biosystems). Peak areas for the products and internal standards were used to calculate β-hexosaminidase enzyme activities. The ratio of peak area for the products to the peak area of the internal standard for each reaction was used to determine the enzyme activity relative to the amount of internal standard added to each reaction, the incubation time, and the volume of eluted blood added to each reaction. HexA enzyme activity and subsequently %HexA were calculated by subtracting the HexB activity from the Total Hex activity.
β-Hexosaminidase assay validation-
In order to validate the β-hexosaminidase assay for detecting Sandhoff disease the following parameters were examined; 1) matrix blanks were analyzed to detect any interfering substances; 2) the possibility of spontaneous substrate degradation was examined by measuring product formation in blanks; 3) substrate depletion for each reaction (Total Hex and HexB) was evaluated by stopping the assay at time intervals from 2 to 47 h to ensure that the reaction was not going to completion; 4) precision was assessed for both inter-run and intra-run variation.
In order to distinguish individuals affected with Sandhoff disease from those unaffected it was necessary to establish a normal range for Total Hex, HexB and %HexA activities. Normal ranges were calculated using EP Evaluator® (Data Innovations, South Burlington, Vermont, USA). To assess accuracy, dried blood spots from four diagnosed Sandhoff disease patients were analyzed in order to determine the positive predictive and negative predictive values.
Results from this assay for the four Sandhoff disease patients were compared to results obtained from the Metabolic Disease Laboratory in Saskatoon, SK, CA using the standard 4-MUG fluorometric method for assaying β-hexosaminidase activity. Furthermore, the assay was used to analyze a blind panel of β-hexosaminidase deficient samples sent from an external laboratory.
Due to the long-term storage that had occurred for many of the samples included in our retrospective analysis, special consideration was taken for identifying aberrant βhexosaminidase activity from older specimens. Total Hex activity remaining on the residual dried blood spots was found to diminish in a time dependent manner (data not shown). Hexosaminidase activity on cards collected prior to 2005 was insufficient for analysis. As such, normal ranges for Total Hex activity and %HexA for the purpose of identifying Fitterer et al. affected individuals were established for each year of our retrospective study. The MS/MS assay was used to measure β-hexosaminidase activity from 760 newborn screening cards collected between 2005 and 2009.
In order to identify potential Sandhoff disease causing variants in the population, we analyzed the MS/MS data and established a potential carrier cut-off for individuals who fell within limits of Total Hex activity and %HexA for their respective birth year. Samples that met these criteria were analyzed again by the MS/MS assay. The HEXB gene was then sequenced from samples that repeatedly fell within the cut-off range for potential carriers.
Sequencing and analysis of the HEXB gene
Sanger sequencing of the HEXB gene was carried out as previously described [11] . Exons one through fourteen of the HEXB gene and several nucleotides from the flanking intronic regions were amplified by PCR. The DNA sequence was determined using dye-terminator sequencing. Data analysis was conducted using BioNumerics v6.5 (Applied Maths). Variants were determined relative to the HEXB reference sequence NT_006713.15 from Genbank. An alignment was created for each exon and sequence differences were highlighted. Coding sequence variations and protein level variations were named according to the Human Genome Variation Society guidelines [16] . The deleterious or benign nature of non-synonymous single nucleotide polymorphisms (nsSNPs) was investigated using the online prediction tools PolyPhen-2 [17] and PROVEAN [18] in addition to further in silico analysis.
Comparison to the 1000 Genomes dataset
The publicly available genome data provided by the 1000 Genomes project was compared to our study data [19] . At the time of this analysis the 1000 Genomes data included genomes from 1092 individuals representing a global sample. Clinically relevant HEXB variants present among the 1092 individuals were analyzed and discussed. PolyPhen-2 and SIFT scores for the variants present in the 1000 Genomes dataset were considered along with in silico analysis and discussion of reports in the literature for specific variants to infer the pathogenicity of each variant. The frequency of Sandhoff disease causing alleles in the global sample was then estimated for comparison to the northern Saskatchewan population.
Results
c.115delG genotyping assay
The results from the c.115delG variant screening can be seen in Table 3 . A total of 1561 newborns born between 2000 and 2012 were screened. We found 57 individuals who had a single copy of the c.115delG allele and 3 individuals who were homozygous for the allele and determined to be Sandhoff disease affected patients. As such, the carrier frequency of the c.115delG allele in the northern Saskatchewan communities is estimated to be approximately 1:27.
Validation of the β-hexosaminidase enzyme assay
Matrix blanks without substrate added produced no MS/MS signal. Matrix blanks with only filter paper punches and substrate added were found to produce 0.2-0.7% and 4.6-5.6% of the signal of normal patient samples for Total Hex and HexB respectively. This signal was assumed to be from spontaneous substrate degradation and a trace amount of product that may be present in the substrate stocks. As such blanks were included in every run and subtracted from test samples. The amount of product generated by Total Hex or HexB over a 47 h period was assessed. Product formation continues past the 22 h incubation time used by the assay up to 47 h.
Precision of the assay was determined by analyzing replicate dried blood spots from the same individual. Intraday precision as a result of five runs resulted in %CV values of 13.7% for Total Hex and 9.3% for HexB (n = 6). Interday precision was evaluated over two days and resulted in %CV of 10.0% for Total Hex and 18.0% for HexB (n = 6).
To establish a normal range for β-hexosaminidase levels in newborns using this assay, 400 fresh dried blood spot samples from Saskatchewan newborns were analyzed. The 400 fresh dried blood spot samples were collected and stored at room temperature for less than 1month. The normal ranges for the measured analytes are summarized in Table 4 . The range for %HexA was typically 3-10 times broader than % HexB.
β-Hexosaminidase activities from the four Sandhoff disease affected patients were about 1% of those from the unaffected population and in some cases undetectable (Table 4 ). For the purpose of screening, a cut-off was established such that a screen positive result for Sandhoff disease would have a Total Hex enzyme activity of less than 10% of the low end of the normal range (<6.3 µmol/h/l blood), in addition to a higher than normal %HexA (>92%). With these cut-offs the positive predictive value and negative predictive values are both 100% for detecting Sandhoff disease.
In Saskatchewan, suspected cases of Sandhoff disease are diagnosed using the standard fluorometric enzyme assay [15] . The normal ranges and average values using the fluorometric assay to determine plasma β-hexosaminidase activity are shown in Table 5 . The normal ranges from the fluorometric method are established in an age-group dependent manner while normal range for the MS/MS assay described here were determined using dried blood spots from newborns. Comparison of the results for the Sandhoff patients from the MS/MS assay and the fluorometric method used in Saskatoon correlated for all four patients. When a panel of blinded samples from an outside laboratory containing dried blood spot punches from Sandhoff disease and Tay-Sachs disease patients was analyzed, the assay successfully identified deficient β-hexosaminidase activity in the Sandhoff patients but was unable to distinguish any abnormal activity in the Tay-Sachs patients.
Screening with the β-hexosaminidase enzyme assay
Of the 760 newborn screening cards screened from the study area, four of the samples fell in the cut-off range for affected individuals. Those four individuals were confirmed to be the Sandhoff disease affected patients by DNA sequencing of the HEXB gene. An additional 35 
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Author Manuscript samples were below the thresholds that were established for potential carriers for each respective year.
The results from the β-hexosaminidase activity screening and the c.115delG variant screening were compared. It was found that 21 of 35 individuals in the potential carrier range possessed the c.115delG variant. A further 17 of the remaining 725 individuals had a single copy of the c.115delG variant and were missed by the original cut-offs for potential carriers. As such the cut-off for each year was adjusted so that all of the samples known to contain the c.115delG allele would be included and the data was reanalyzed. The yearly cutoff values for Total Hex and %HexA that were used are listed in Table 6 . Subsequently 76 samples fell below the adjusted cut-offs of which 4 were affected individuals and 34 carried the c.115delG variant. The remaining 38 samples lacked the c.115delG allele. These 38 were repeated and the HEXB gene was sequenced from those samples that repeatedly fell below the adjusted cut-offs.
HEXB sequencing and analysis
Sequencing of the HEXB gene from individuals with low β-hexosaminidase activity as described in Section 3.3 revealed three variants in addition to the c.115delG variant previously found in the northern Saskatchewan population. These variants include c. 362A>G, c.619A>G, and c.1601G>T. Furthermore, only three of the four Sandhoff disease affected individuals were homozygous for the c.115delG allele. The fourth patient was a compound heterozygote possessing the c.115delG and c.1652G>A variants. A complete list of the genetic variants and the frequency of each allele is shown in Table 3 . Although the c.115delG allele was not analyzed by either program, its pathogenic nature is clear due to the induced reading frame shift in the coding sequence of exon 1. A summary of Fitterer et al. the variants found, the number of times each allele was detected and the PolyPhen-2 and PROVEAN predictions are listed in Table 3 .
Comparison to the 1000 Genomes data set
A total of 19 variants were present in the coding region of the HEXB gene or the adjacent intronic splice regions from the 1092 individuals included in the 1000 Genomes data set. The potential pathogenicity and the frequency of those variants were analyzed. The 19 variants include 5 synonymous DNA-level variations (Table 7) , one splice region variant (Table 7) , and 13 missense mutations ( Table 8 ). None of the pathogenic variants found in the Saskatchewan study population were present in the 1000 Genomes data set.
The synonymous variants present in the 1000 Genomes dataset include c.276C>T, c. 978G>C, c.1035A>C, c.1051T>C, and c.1251G>A. The c.722-4A>G splice region variant is located −4 nucleotides from the 5-prime end of exon 7 at the 3′ end of an intron. Given that the consensus sequence for a 3′ intron splice site is NCAG or NNAG in higher eukaryotes such as humans [22, 23] it is likely that even though A is fairly conserved at the location 4 nucleotides upstream from this intron/exon boundary of the HEXB gene, the c. 722-4A>G variant will be tolerated due to all four nucleotides having been observed at this location of the splice region. Therefore, all of the variants listed in Table 7 are likely benign and not included when estimating the frequency of Sandhoff disease causing alleles in the global population.
Of the 13 missense variants present in the 1000 Genomes dataset, Polyphen-2 and SIFT predictions agree that 8 are benign polymorphisms ( Table 8 ). The 8 missense variants predicted to be benign are c.185C>T, c.251A>G, c.362A>G, c.449C>A, c.619A>G, c. 922C>G, c.1258A>G, and c.1437A>C. The c.185C>T [24] , c.362A>G [25] , and c.619A>G [20, 26, 27] variants have been described in the literature. Both c.185C>T and c.362A>G have proven to be benign polymorphisms when examined in clinical samples however, c. 619A>G has been implicated in adult onset GM1 gangliosidosis [20, 26, 27] . No reports were found for the other 5 missense variants predicted to be benign and based on the positive predictive value and accuracy for the Polyphen-2 and SIFT tools they are assumed to be as such. Therefore, of the 8missense variants, only c.619A>G was considered when calculating the frequency of pathogenic variants.
The results of the Polyphen-2 and SIFT analysis substantiate that 4 of the missense variants (c.214C>T, c.923C>T, c.1066G>A, and c.1250C>T) are probably damaging or deleterious but are discordant on 1 variant, c.1367A>C, for which the Polyphen-2 prediction is possibly damaging whereas the SIFT prediction is benign. Of the 4 missense variants for which the prediction tools outcome of potentially pathogenic was in agreement, 3 are of unknown significance and 1 has been described in clinical samples previously.
The c.214C>T variant results in the change of Leu at position 72 to Phe. Leu 72 is located at a region of the peptide chain between an alpha helix and beta sheet on the periphery of the peptide with about 42% conservation of Leu at this position. Leu 72 is not a critical residue for either the active site or protein secondary structure however, both prediction tools suggest that a change to Phe at this position will be detrimental to protein function based on Fitterer et al. the lack of Phe at this position in related sequences. The c.214C>T variant was found a total of 13 times in the American, Asian, and European super populations of the 1000 Genomes dataset but was not found in the African group.
Two variants were present at position 308 of the peptide sequence, c.922C>G (p.Pro308Ala) and c.923C>T (p.Pro308Leu). Both Polyphen-2 and SIFT agree that that the former is a benign variant due to the presence of Ala at position 308 in other closely related sequences however, both prediction tools suggest that the change of Pro 308 to Leu will be damaging to the beta subunit. At position 308 of the alignment of related HEXB sequences Pro is the most common having moderate conservation however, Ala and Ile are also present among other amino acid variants. Since the structural difference between Ile and Leu is essentially the placement of a methyl group on the side chain, the pathogenicity of the c.923C>T variant is questionable yet predicted to be damaging due to there being no Leu at position 308 in any of the aligned sequences. The c. 923C>T [25, 28] .
For the single variant which the two prediction tools disagreed upon the Polyphen-2 score of 0.673 indicates that amino acid variation caused by c.1367A>Cwill likely be damaging to the protein's function as a result of the Tyr to Ser change at position 456. Tyr 456 is located in a region of the peptide responsible for protein-protein interaction between the subunits that combine to form β-hexosaminidases A and B [29, 30] . In fact Tyr 456, and its neighbors, Asp 452 and Tyr 450 are responsible for hydrogen bonding between the subunits that stabilize the active site of the enzyme [29, 30] . Banerjee et al. have previously described and characterized the c.1367A>C variant as being non-functional by transfecting the c.1367A>C HEXB gene into COS-7 cells where they observed no functional β-hexosaminidase B formed [20, 26] . The authors go on to explain how further in silico analysis of the variant predicts a 
Discussion
The purpose of this study was to better understand the incidence of Sandhoff disease and the frequency of Sandhoff disease causing variants in northern Saskatchewan. When 1561 individuals were retrospectively assayed using the c.115delG allelic discrimination assay, 57 heterozygotes were discovered. Therefore, we estimate the carrier frequency for this variant to be 1:27 in the study population. As a result of finding 4 affected individuals in our retrospective study we estimate the incidence of Sandhoff disease in this population to be 1:390.
The β-hexosaminidase MS/MS assay reliably detected 4 Sandhoff disease affected individuals and proved to be semi-reliable for detecting carriers. In order to achieve a 100% positive predictive value for identifying c.115delG carriers, 32% (20/62) of the samples that repeatedly fell below the cut-offs that were established in conjunction with the c.115delG assay, did not carry the c.115delG variant. If genetic sequencing of these 20 samples was not conducted they may have been misclassified as false positives. However, upon further investigation using genetic sequencing, it was revealed that 17 of the 20 samples that did not have the c.115delG allele instead possessed one or more of the nsSNPs listed in Table 3 . This left < 5% (3/62) of samples with β-hexosaminidase activity in the carrier range but no identified variant in the HEXB gene. It is possible that there are HEXA variants present in these 3 outliers however, HEXA mutation analysis was not performed. Carrier detection by enzymatic analysis in general is challenging because carriers and even non-carriers typically have a broad range for normal levels of enzyme activity. As such, carrier detection by MS/MS, fluorometric, or other enzyme activity analysis is imperfect. Identification of Tay-Sachs affected individuals was not possible using the assay conditions described here however, a modified protocol these substrates and internal standard allowed for the identification of Tay-Sachs patients.
A total of 4 nsSNPs were found in the HEXB gene among our study group in addition to the c.115delG variant. Of these 4 nsSNPs, 2 cause the loss of disulphide bonds in the resulting polypeptide. In silico analysis and online prediction tools indicate the loss of the disulphide bonds to be detrimental to β-hexosaminidase activity. No report of the c.1601G>T or c. 1652G>A polymorphisms could be found in the dbSNP database or 1000 Genomes project data however, there are reports of a c.1601G>A (similar loss of disulphide bond) Fitterer et al. Page 11 substitution being responsible for the infantile form of Sandhoff disease in a Japanese patient [21] . As such the available information is indicative that the c.1601G>T and c. 1652G>A alleles are disease causing. Parental analysis of the compound heterozygous patient containing the c.115delG and c.1652G>A variants was not possible due to the removal of patient identifiers from samples prior to analysis. However, the presence of the 16 kb deletion common among other French-Canadian populations was ruled-out due to the presence of heterozygous SNP loci in exons 3 and 4.
The other 2 nsSNPs, c.362A>G and c.619A>G, have more ambiguous outcomes. The c. 362A>G variant has been described in the online dbSNP database (http:// www.ncbi.nlm.nih.gov/projects/SNP/) and reported to be benign based on transfection experiments [25] . In silico analysis and online prediction tools suggest that this allele is tolerated by the enzyme however, we saw reduced Total Hex activity and elevated %HexA in these individuals. It is possible that this allele causes reduced β-hexosaminidase activity within the range of tolerance so as not to cause the disease phenotype when present in a homozygous or compound heterozygous state.
Originally the c.619A>G variant was implicated as the cause of an adult form of Sandhoff disease in a compound heterozygous patient [20] . Subsequent reports of this allele have shown it to be capable of α/β-subunit dimerization, incapable of β/β-subunit dimerization [26] , and tolerated in homozygous individuals producing β-hexosaminidase activity consistent with carriers [24, 27] Interestingly, since our initial report of the c.115delG variant in northern Saskatchewan it has also been detected in France [31] . The c.115delG allele was paternally inherited by a French patient whose father was of Vietnamese descent [31] . As part of future investigations it would be interesting to conduct haplotype analysis to determine the origin of the c. 115delG variant.
A major advantage of using an assay to measure enzyme activity compared to single variant mutation analysis is that it can detect carriers irrespective of the variation present. The disadvantage is that the carrier range typically overlaps with the normal range leading to the possibility of missing some carriers and a high false positive rate. We observed <5% of individuals that fell in the range for Sandhoff disease carriers that had no HEXB variants and a further 5% which possessed HEXB polymorphisms predicted to be neutral. The possibility of HEXA variants present in the samples thought to be false positive carriers may bring down the false positive rate of the MS/MS assay even further. The major advantage of the PCR-based assay is that it does not produce false positives though it can only detect a single variant per primer and probe set and those variants must be known ahead of time. The use of 
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In total the number of individuals found to carry a Sandhoff disease causing allele or c. 619A>G as detected by our biochemical screening and genetic sequencing analysis was 51 (n = 760). The c.619A>G variant though not the cause of Sandhoff disease was included in this calculation since it has been implicated in adult onset β-hexosaminidase B deficiency. As such the combined carrier frequency for these variants in northern Saskatchewan is estimated at 1:15. Given the birthrate in this area and the estimated incidence of 1:390 births, a child is expected to be born with these diseases every 1-2 years on average.
Of the 19 variants found in the 1000 Genomes dataset 5 have the potential to cause Sandhoff disease. The pathogenicity of several of these variants is corroborated by reports in the literature whereas for others the exact clinical outcome has not been determined. Based on the results from prediction tools the carrier rate of Sandhoff disease causing variants may be as high as 0.0174 in the global sampling. However, due to the error associated with SIFT and Polyphen-2 predictions [17, 18] and without confirming the pathogenicity of all of the potentially pathogenic alleles identified by the 1000 Genomes project the rate may be as low as 0.00549 in the global sample. The carrier rate for Sandhoff disease in the Saskatchewan sample was 0.0460. As such the carrier frequency for Sandhoff disease causing variants in Saskatchewan is about 2.5-8 times higher than that among individuals sampled by the 1000 Genomes project, and ~12-14 times higher than previous estimates made for the general population [4, 5] . Given the high birthrate of Sandhoff disease affected children in northern Saskatchewan, an elevated carrier rate was expected.
A total of 19 individuals in the 1000 Genomes data set were carriers for a variant predicted to cause Sandhoff disease by either SIFT of Polyphen-2. Thus, if all of the variants predicted to be damaging do cause Sandhoff disease then the carrier rate among the 1000 Genomes sample is about 1 in 57, which is significantly higher than Sandhoff disease carrier estimates in the general population (1 in 276 to 1 in 310) [4, 5] . A carrier rate of 1 in 57 in the general population along with an autosomal recessive pattern of inheritance would suggest an incidence of Sandhoff disease of roughly 1 in 13000 births. Sandhoff disease in the general population is extremely rare with an estimated incidence of 1:422,000 (n = 4.2 million) [4] . This discrepancy may be due to the error associated with SIFT and Polyphen-2 predictions, underestimates of the carrier frequency by the previously published works, or the result of randomly sampling a relatively small subset of the global population. Given the rarity of Sandhoff disease based on its incidence in the general population the carrier rate in the general population should be much lower than the Polyphen-2 and SIFT predictions suggest.
Of the 19 HEXB variants found in the 1000 Genomes data set, 5 were missense variants with deleterious predictions. Two of these have been previously described in the literature as being pathogenic whereas the other three are of questionable consequence. To determine the consequence of the three variants not found in the literature, transfection experiments could be performed to analyze the HEXB transcripts and polypeptides produced as well as measuring β-hexosaminidase activity. Determining the effect of these variants on βhexosaminidase activity would confer a higher degree of confidence in estimating the frequency of pathogenic variants in the 1000 Genomes sample. Assuming that some of the variants predicted to be deleterious or damaging end up being tolerated then this analysis could explain why the carrier rate for suspected Sandhoff disease causing variants in the 1000 Genomes sample was so high.
Reports in the literature for the carrier frequency of Sandhoff disease range from1:310 in the general population to 1:7 in isolated communities with a high degree of consanguinity [4] [5] [6] [7] [8] [9] 32] . Similarly, the Saskatchewan cohort is remote and isolated, with a high degree of consanguinity [10] and has an elevated carrier frequency for Sandhoff disease causing variants relative to the general population. In other communities where there is a high carrier frequency for Sandhoff disease, programs have been established or proposed to ameliorate the impact of the disease on families and the community [7, 8, 32] . As such, a program aimed at preventing Sandhoff disease in northern Saskatchewan is being considered. If a carrier screening program for Sandhoff disease in Saskatchewan is to be established a multiplex PCR could be developed to detect all of the pathogenic variants discovered in this study in order to facilitate better carrier screening with a single assay. Although the c.115delG allele is the major variant responsible for the Sandhoff disease in Saskatchewan, other pathogenic variants are present in the population highlighting the need for special consideration when selecting an assay to detect this disease. Table 3 HEXB variants found in the northern Saskatchewan population. Table 5 β-Hexosaminidase activities using the fluorometric method on plasma. Table 7 Synonymous and splice region HEXB variants found in the 1000 Genomes dataset. Table 8 Missense HEXB variants found in the 1000 Genomes dataset. c PolyPhen-2 prediction score can range from 0 (benign) to 1 (probably damaging) with a default cut-off of 0.432.
Parameter Normal range (0-1 yr) Normal range (1-3 yr) Affected patient average
